Experimental
HfAlON, HfSiON, and HfON films with nitrogen concentration ([N]) of over 20at.% were deposited on HF-cleaned Si (100) wafers by means of the sputtering deposition technique. In order to clarify the effect of the annealing temperature on the structural and electrical change of HfAlON, films with various Hf-ratio were annealed at Structural properties of films were examined with X-ray photoemission spectroscopy (XPS) and X-ray diffractometry (XRD). Figure 1 shows the effect of the annealing temperature on the leakage current of n + poly-Si/HfAlON/p-Si capacitors with the Hf-ratio ranging from 35% to 64%. As shown in this figure, leakage current decreases by 2~4 orders of magnitude by lowering the annealing temperature from 1000 o C (30 seconds) to 850 o C (30 minutes). We also found that the c-HfN segregation is completely suppressed at the 850 o C annealing (in-plane XRD, Fig. 2 ). We think that the annihilation of c-HfN micro-crystals results in widening of band gap for HfAlON films, leading to the reduced leakage current (Fig. 1) . It is also possible that the homogeneous film microstructure due to the suppression of c-HfN segregation is responsible for the reduced leakage current [9, 10] .
Results and Discussion
The change in microscopic structure of HfAlON films according to the change in annealing temperature was examined by XPS (Fig. 3) . In the films with 1000 o C annealing, a peak of c-HfN is clearly observed (indicated by an arrow). In contrast, the c-HfN signal is below the detection limit of XPS analysis in the HfAlON film with the 850 o C annealing. These XPS results are in good agreement with the in-plane XRD result (Fig. 2) . In addition, we confirm in Fig. 3 that the Hf4f peaks for the 850 The lowering of the annealing temperature (and resulting reduction of film leakage current) enables us to correctly determine the capacitance value. As shown in Fig. 4 , accumulation capacitance values increase with increasing the Hf-ratio, indicating higher K for a higher Hf-ratio. Figure 5 shows the Hf-ratio dependence of K values for HfAlON, determined by the EOTs dependence on physical thicknesses of HfAlON. K values for HfAlO without nitrogen (in amorphous state [9, 12, 13] ) are also shown. It is demonstrated that K values of HfAlON are higher than those of HfAlO, presumably due to the Hf-N bonds in the film (Fig. 3) . As a result, we conclude that lowering the annealing temperature to 850 o C makes the application of the amorphous HfAlON insulator to future LSIs realistic accompanied by enhanced dielectric constant up to 22.
In order to compare the thermal stability of HfAlON with alternative N-incorporated Hf-based gate dielectrics, we investigated the change in material properties of HfON and HfSiON through over 1000 o C annealing. In Fig. 6 , the structural and electrical differences between HfON ([N]=40at.%) and HfSiON (Hf-ratio=80%, [N]=20at.%) after the 1065 o C spike annealing are shown. We found that c-HfN forms in HfON after the annealing, whereas HfSiON keeps an amorphous state ( Fig. 6(a) ). C-HfN formation in the HfON results in short circuit of the n + Si/HfON/p-Si capacitor, whereas, on the contrary, the HfSiON capacitor shows considerably low gate leakage current (Fig. 6(b) ). Moreover, we confirmed that the c-HfN phase never emerges in HfSiON even under the excessive annealing condition of 1000 o C for 30 minutes (Fig. 7) . Table 1 
Conclusion
By a careful choice of the annealing temperature (850 o C), cubic-HfN (metallic) segregation is found to be avoidable even in the HfAlON film, resulting in reasonably low film leakage as well as high dielectric constants. We also found the 
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